Endothelial nitric oxide synthase (eNOS) is active only as a homodimer. Recent data has demonstrated that exogenous NO can act as an inhibitor of eNOS activity both in intact animals and vascular endothelial cells. However, the exact mechanism by which NO exerts its inhibitory action is unclear. Our initial experiments in bovine aortic endothelial cells indicated that exogenous NO decreased NOS activity with an associated decrease in eNOS dimer levels. We then undertook a series of studies to investigate the mechanism of dimer disruption. Exposure of purified human eNOS protein to NO donors or calcium-mediated activation of the enzyme resulted in a shift in eNOS from a predominantly dimeric to a predominantly monomeric enzyme. Further studies indicated that endogenous NOS activity or NO exposure caused S-nitrosylation of eNOS and that the presence of the thioredoxin and thioredoxin reductase system could significantly protect eNOS dimer levels and prevent the resultant monomerization and loss of activity. Further, exogenous NO treatment caused zinc tetrathiolate cluster destruction at the dimer interface. To further determine whether S-nitrosylation within this region could explain the effect of NO on eNOS, we purified a C99A eNOS mutant enzyme lacking the tetrathiolate cluster and analyzed its oligomeric state. This enzyme was predominantly monomeric, implicating a role for the tetrathiolate cluster in dimer maintenance and stability. Therefore, this study links the inhibitory action of NO with the destruction of zinc tetrathiolate cluster at the dimeric interface through S-nitrosylation of the cysteine residues. N itric oxide (NO) is produced from L-arginine and oxygen by nitric oxide synthases (NOS) (EC. 1.14.13.39) (1). Three isoforms of NOS are known. Constitutive forms are present in endothelial cells [endothelial NOS (eNOS)] and neurons (neuronal NOS), and a third inducible isoform is present in macrophages (inducible NOS) (2-4). Dimerization is an absolute requirement for catalytic activity in all three NOS isoforms (5-7). NOS isoforms have two domains, the N-terminal oxygenase domain and the C-terminal reductase domain. The oxygenase domain has the binding site for tetrahydrobiopterin (BH 4 ), heme, and the substrate L-arginine and the reductase domain binds FAD, FMN, and NADPH. NO is produced in the oxygenase domain by the oxidation of arginine in a two-step reaction that generates 9) .
Endothelial nitric oxide synthase (eNOS) is active only as a homodimer. Recent data has demonstrated that exogenous NO can act as an inhibitor of eNOS activity both in intact animals and vascular endothelial cells. However, the exact mechanism by which NO exerts its inhibitory action is unclear. Our initial experiments in bovine aortic endothelial cells indicated that exogenous NO decreased NOS activity with an associated decrease in eNOS dimer levels. We then undertook a series of studies to investigate the mechanism of dimer disruption. Exposure of purified human eNOS protein to NO donors or calcium-mediated activation of the enzyme resulted in a shift in eNOS from a predominantly dimeric to a predominantly monomeric enzyme. Further studies indicated that endogenous NOS activity or NO exposure caused S-nitrosylation of eNOS and that the presence of the thioredoxin and thioredoxin reductase system could significantly protect eNOS dimer levels and prevent the resultant monomerization and loss of activity. Further, exogenous NO treatment caused zinc tetrathiolate cluster destruction at the dimer interface. To further determine whether S-nitrosylation within this region could explain the effect of NO on eNOS, we purified a C99A eNOS mutant enzyme lacking the tetrathiolate cluster and analyzed its oligomeric state. This enzyme was predominantly monomeric, implicating a role for the tetrathiolate cluster in dimer maintenance and stability. Therefore, this study links the inhibitory action of NO with the destruction of zinc tetrathiolate cluster at the dimeric interface through S-nitrosylation of the cysteine residues. N itric oxide (NO) is produced from L-arginine and oxygen by nitric oxide synthases (NOS) (EC. 1.14.13.39) (1) . Three isoforms of NOS are known. Constitutive forms are present in endothelial cells [endothelial NOS (eNOS)] and neurons (neuronal NOS), and a third inducible isoform is present in macrophages (inducible NOS) (2) (3) (4) . Dimerization is an absolute requirement for catalytic activity in all three NOS isoforms (5-7). NOS isoforms have two domains, the N-terminal oxygenase domain and the C-terminal reductase domain. The oxygenase domain has the binding site for tetrahydrobiopterin (BH 4 ), heme, and the substrate L-arginine and the reductase domain binds FAD, FMN, and NADPH. NO is produced in the oxygenase domain by the oxidation of arginine in a two-step reaction that generates L-citrulline and NO (8, 9) .
Our previous studies indicate that exogenous NO exposure inhibits eNOS activity (10, 11) . However, the mechanism for the inhibition remains unclear. NO gas and NO donors have the potential to induce S-nitrosylation of proteins (12) . We hypothesized that the inhibitory action on NO on eNOS could be acting by means of S-nitrosylation, with a resultant alteration in eNOS dimeric structure and activity. To test this hypothesis, we analyzed the nitrosylating effect of endogenous and exogenous NO on eNOS oligomeric state and catalytic activity. Enzyme activation or the addition of exogenous NO produced an inhibitory effect on the ability of eNOS to metabolize L-arginine, and this inhibitory action was demonstrated to be associated with the loss of eNOS dimers. This loss of dimer could be reversed in the presence of thioredoxin͞thioredoxin reductase system, suggesting an important role for cysteine residues. To determine the importance of tetrathiolate cysteine at the dimer interface, we analyzed the C99A mutant enzyme for its oligomeric state. This mutant was predominantly monomeric, suggesting the role of tetrathiolate in dimer stability. This study implicates cysteine residues in the eNOS protein as being particularly important for both dimer stability and enzyme activity. Furthermore, we suggest an inhibitory action of NO involving the S-nitrosylation of cysteine residues, leading to a shift in eNOS to a predominantly monomeric form with a resultant loss of enzyme activity.
Methods
Chemicals. Spermine NONOate (SPERNO) was from R & D Systems. Calmodulin Sepharose, ADP-Sepharose, and L- [2, 3, 4, H]arginine were from Amersham PharmaciaPharmacia. The antibody against eNOS was from Transduction Laboratories (Lexington, KY) and the antibody against Snitrosylation from Calbiochem. LB broth and Scintiverse II were from Fisher. isopropyl ␤-D-thiogalactoside was from Life Technologies (Grand Island, NY). Ni-nitrilotriacetic acid resin and BL21 (DE3) pLysS were from Novagen. Western blotting reagents were from Pierce. Disposable minicolumns, Chelex-100, and Bradford reagent for protein determination were from Bio-Rad. All other chemicals were from Sigma. The polyHispCWeNOS vector was a gift from P. R. Ortiz de Montellano (University of California, San Francisco). The C99A mutant was made commercially (Retrogen, San Diego) from the polyHispCWeNOS vector.
pLysS. Cells were cultured as described (14) . Cells were then harvested and resuspended in lysis buffer as described (15) , and were incubated with mild shaking at 4°C for 30 min to ensure complete cell lysis. Cells were then broken by sonication and debris were removed by centrifugation at 30,000 ϫ g for 30 min at 4°C . The supernatant was then applied to a Ni-nitrilotriacetic acid His-Bind Superflow column that was preequilibrated with Buffer A [40 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid, pH 7.6], containing 150 mM NaCl, 10% glycerol, and 0.5 mM L-arginine. The column was washed with 5 bed volumes of buffer A followed by Buffer B (Buffer A with 25 mM imidazole). The bound protein was then eluted with Buffer C (Buffer A with 200 mM imidazole). The heme-containing fractions were pooled and were concentrated by using centriprep-100 YM-10 (Millipore). The concentrated protein were dialyzed against three changes of Buffer A containing 4 M BH 4 and 1 mM DTT. The proteins were further purified by using a 2Ј5Ј-ADP-Sepharose column equilibrated with 40 mM Tris⅐HCl buffer, pH 7.6, containing 1 mM L-arginine, 3 mM DTT, 4 M BH 4 , 4 M FAD, 10% glycerol, and 150 mM NaCl (Buffer D), and washed with buffer D containing 400 mM NaCl to prevent nonspecific binding. eNOS was then eluted with Buffer E (Buffer D with 5 mM 2ЈAMP). The heme-containing fractions were pooled, were concentrated, and were dialyzed at 4°C against buffer D containing 1 mM DTT, 4 M BH 4 , 4 M FAD, and 10% glycerol, and was stored at Ϫ80°C until used. DTT, BH 4 , and FAD were removed by repeated buffer exchange as required.
Assays for the Effects of Endogenous and Exogenous NO on Purified
Recombinant eNOS. Fractions of DTT-free purified eNOS (2 g) were incubated in the reaction mixture for the citrulline conversion assay in the presence and absence of SPERNO (100 M), thioredoxin (5 M)͞thioredoxin reductase (6.4 M) system, or the NOS inhibitor, L-arginine methyl ester (L-NAME) (1 mM), for 0-60 min at 37°C and eNOS activity was determined. The eNOS dimer and S-nitrosylation levels were then determined by using either low-temperature PAGE (LT-PAGE) and Western blot analysis (16) or gel filtration analysis (for eNOS dimer levels) or Western blotting (S-nitrosylation). Gel Filtration Chromatography. Gel filtration chromatography was carried out at 4°C by using a Superose 6 HR10͞30 column and an FPLC system (Amersham Pharmacia, Piscataway, NJ). The column was equilibrated with 40 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid buffer, pH 7.6͞5% glycerol͞ 0.5 mM DTT͞150 mM NaCl. Typically pure eNOS protein (100 g) in 200-l sample volume was injected and the column effluent was monitored at 280 nm by using a flow-through UV detector. The column was calibrated with standard gel filtration molecular weight standards.
Optical Absorption Spectroscopy. Optical spectra were recorded on a Shimadzu Biospec 1601 spectrophotometer at 22°C. The spectra of pure NOS were recorded in cuvettes containing 3-5 M eNOS protein in 40 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid buffer, pH 7.6 with 0.1 mM DTT and 10% glycerol in a final volume of 1 ml. eNOS was treated with SPERNO (100 M) and incubated at 37°C for 30min before spectra recorded between 350-700 nm.
Detection of S-Nitrosothiols. The presence of nitrosothiols was detected with the spectral assay method of Jaffrey et al. 2001 (17) . Briefly, DTT-free eNOS protein (500 g) was treated with 1 mM of S-nitroso-acetyl penicillamine by incubating at 37°C for 1 h in the dark. The S-nitroso-acetyl penicillamine was then removed by passing through a spin column, and the presence of nitrosothiol bond was analyzed by observing the spectral absorption scan between 300-400 nm. As a control, the eNOS protein was treated with 1 mM N-acetyl penicillamine. The presence of S-nitrosothiols was also confirmed by using the Saville-Griess assay (18) .
Zinc Release by 4(2-Pyridylazo Resorcinol) (PAR) Assay. The zinc release has been measured by PAR assay, as described by Crow et al. (20) with some modification. The dye PAR, which is yellow in color, has a low absorbance at 500 nm. However, after chelating to zinc, the PAR-Zn complex becomes orange in color and has an increased absorbance at 500 nm. All of the buffers were pretreated with Chelex-100 to remove residual zinc. The eNOS enzyme was also purified in buffers treated with Chelex-100. DTT-free purified eNOS protein (assay 1-1.5 mg) was treated with SPERNO (100 M) for 30 min in a reaction volume of 200 l at room temperature in the dark. The reaction mixture was added to a cuvette containing 150 M PAR in 50 mM Tris-HCl, 100 mM NaCl, pH 7.8, in a total volume of 1 ml. This solution was mixed well and the spectra were recorded between 300 to 600 nm. eNOS protein alone was used to calibrate the spectrophotometer.
Statistical Analysis. All band intensities were then quantitated by densitometric scanning with a Kodak image station with the KSD1D software purchased from DuPont-NEN (Boston). The means Ϯ SD were calculated. Comparisons between treatment groups were made by the unpaired t test with the GB-STAT software program. A value of P Ͻ 0.05 was considered statistically significant.
Results

Effect of Exogenous NO Treatment on eNOS Activity in BAECs.
To investigate the in vivo effect of NO on eNOS activity, BAECs were treated for 60 min with 500 M SPERNO. The results obtained indicated that exogenous NO produced a significant decrease in NOS activity (92 Ϯ 4%, P Ͻ 0.05 vs. untreated). We then investigated the effect of exogenous NO on eNOS dimer levels by LT-PAGE and Western blot analysis ( Fig. 1 ) and found that there was a significant reduction in dimeric eNOS (82 Ϯ 8%, P Ͻ 0.05 vs. untreated) and a concomitant increase in the inactive monomer form. Similar results were obtained with other NO donors diethylamine nitric oxide and 2,2Ј-(hydroxynitrosohydrazino)bis-ethamine (data not shown).
Effect of Exogenous NO on Purified Human eNOS.
To further investigate the mechanism by which NO alters the eNOS oligomeric state, we used an expression purification system based in E. coli. We exposed purified DTT-free eNOS (2 g) to the NO donor SPERNO to determine its effect on the ability of the enzyme to Fig. 2A) , indicating that we could mimic the in vivo effect of NO in vitro. Similarly, the presence of SPERNO significantly reduced the level of dimeric eNOS (Fig. 2B) . Quantitation of the levels of eNOS dimer in the LT-PAGE analysis indicate that dimer levels were reduced from 54 Ϯ 8% in the vehicle-exposed protein to 8 Ϯ 6% in the protein exposed to SPERNO (P Ͻ 0.05 vehicle vs. SPERNO).
NO can bind to the heme ring of eNOS. To determine whether heme binding could induce the dimer-to-monomer shift, we exposed purified eNOS to methylene blue (10 M) and potassium cyanide (10 mM) to oxidize the heme ring. The results obtained indicate no significant effect on eNOS dimer levels (62 Ϯ 8% for vehicle and 58 Ϯ 9% for methylene blue-treated). Thus, NO binding to the heme ring does not appear to be involved in dimer disruption. In addition, NO did not appear to cause heme loss from the enzyme, because the optical absorption spectroscopy data indicated heme remained bound to the enzyme, although in a completely oxidized form (Fig. 3) .
To examine the potential autoinhibitory effect of NO in an in vitro condition, we incubated purified eNOS in the presence of all necessary cofactors with excess substrate L-arginine and analyzed the oligomeric state of the enzyme over time. We found that there was a time-dependent degradation of the dimer (Fig.  4A ). This dimer degradation was prevented by NOS inhibitor L-NAME (100 M) or the disulfide reductase system (Fig. 4B) , suggesting the dimer-degradative effect was due to the selfgenerated NO. In addition, the presence of the disulfide reductase system significantly increased the ability of eNOS to metabolize L-arginine (Fig. 4C ) and this occurrence was associated with a significant decrease in the level of S-nitrosylated eNOS protein (Fig. 4D) .
We then determined the effect of exogenous NO on eNOS S-nitrosylation. Spectroscopic analysis of NO-treated enzyme identified a maximum absorbance at Ϸ320 nm, indicating the presence of a nitrosothiol bond (Fig. 5A) . To confirm the presence of the S-nitrosothiol group, we performed the Saville assay. The results obtained indicated that there was a timedependent increase in S-nitrosothiol residues in eNOS, compared with vehicle-treated eNOS (data not shown).
We next determined the dimer disruption of eNOS was caused by NO-mediated interactions with cysteine residues. Purified eNOS protein was exposed to NO in the presence of the disulfide reductase system. In the presence of the disulfide reductase system, we found that the NO-induced disruption of eNOS dimers was significantly reduced, as determined by LT-PAGE and Western blot analyses (Fig. 6A) . In addition, the inhibitory effect of NO on eNOS metabolism of L-[ ]citrulline was also reduced, although activity was not returned to levels obtained by using vehicle-treated eNOS alone (Fig. 6B) . To further confirm these effects, we used gel filtration analyses ( Fig. 7 A1 and A2) . When eNOS was treated with the NO donor in the presence of thioredoxin and thioredoxin reductase system, although there was some monomerization, eNOS remained predominantly in a dimeric state (Fig. 7B1) . eNOS could be maintained in a completely dimeric state after increasing the concentration of thioredoxin and thioredoxin reductase system (Fig. 7B2) . Furthermore, we demonstrated that this protection of eNOS dimer was enzymatic, because the assay carried out in the absence of thioredoxin reductase did not maintain eNOS in a dimeric form (Fig. 7B3) . Also, in the presence of the reducing agent DTT (5 mM), the NO-mediated monomer shift was prevented (Fig. 7A3) . However, low concentration of DTT (up to 1 mM) did not prevent exogenous NO-mediated monomerization (data not shown).
Zinc Release and Monomerization. To determine the molecular mechanisms for dimer disruption, we analyzed the effect of NO on the integrity of the zinc tetrathiolate cluster at the dimer interface by using the PAR assay. Our results indicated that there was a release of zinc when eNOS was exposed to NO, as determined by the increase in absorbance of PAR-bound zinc at 500 nm (Fig. 8) . These data suggest that NO can destroy the zinc tetrathiolate bond at the dimer interface. To further examine the eNOS (400 ng) was exposed (30 min at 37°C) to the NO donor SPERNO (100 M, ϩ NO), was subjected to LT-PAGE and Western blot analyses, and was compared with eNOS protein exposed only to sodium phosphate buffer, pH 7.4 (vehicle). ϩ, eNOS protein exposed to 95°C for 5 min before loading to monomerize all eNOS protein; Ϫ, eNOS protein not boiled before loading. A representative Western blot is shown from n ϭ 4. Fig. 3 . Light absorbance spectra of purified eNOS before and after NO treatment. Curve 1, eNOS (10 M) in 40 mM EPPS with10% glycerol and 0.1 mM DTT. Initially, a mixture of ferric and ferrous peaks is observed, however, after 2 min, there is complete oxidation to ferric heme with absorbance maxima at Ϸ420. Curve 2, spectra of the above eNOS mixture with 100 M SPERNO incubated at 37°C for 30 min showing no loss of heme.
importance of tetrathiolate cluster in eNOS dimer stability, we purified the C99A mutant enzyme and analyzed its oligomeric state by gel filtration assay. The results obtained demonstrated that the mutant enzyme is a mixture of dimer and monomer, but after a freeze-thaw cycle, the mutant enzyme becomes predominantly monomeric, compared with wild type (Fig. 9) . Together, these results indicate that the mechanism by which NO induces the dimer monomer shift involves, at least in part, cysteine thiol nitrosylation within the zinc tetrathiolate cluster located at the dimer interface.
Discussion
Our previous studies have shown that inhaled NO (11) or NO-releasing compounds (12) can inhibit eNOS activity. However, the mechanisms associated with this inhibitory effect have 5 . NO induces S-nitrosylation of recombinant human eNOS. DTT-free human eNOS protein (500 g) was exposed to S-nitroso-acetyl penicillamine (SNAP) (1 mM) for 1 h at 37°C in the dark. The nitrosylating reagent was removed by using a spin column, and a spectral scan was carried out in the range of 300 -400 nm. As a control, the human eNOS protein was treated with the non-NO releasing agent, N-acetyl penicillamine (NAP) (1 mM). not been fully elucidated. It has been suggested that the inhibitory effects of NO may be due to the formation of a tight complex between the NO and the heme moiety (21) . However, our studies indicate that another inhibitory interaction of NO with the NOS enzyme occurs at cysteine thiol groups, resulting in dimer disruption and loss of activity. This finding suggests a mechanism for NO-mediated eNOS inhibition in which the sulfhydryl group, located either in the interface of the dimer or the intermolecular disulfides involved in dimer maintenance, are oxidized, leading to dimer disruption. In addition, our data indicating that endogenous NO generation was also sufficient to produce a reduction in eNOS dimer levels associated with increased S-nitrosylation further suggests that this inhibitory mechanism may have biological relevance for eNOS regulation to curtail exuberant NO production in vivo.
NO can react with metal-containing proteins (especially hemeproteins) (22) . The affinity of hemeproteins for NO has led to speculation that NOS may be inhibited by the NO produced during catalysis of L-arginine binding to the heme moiety. However our data, in which NO-heme binding was mimicked by using methylene blue, showed no reduction in dimer levels. It should be noted that the two inhibitory mechanisms of NO on NOS may not be mutually exclusive. NO has been demonstrated to inhibit cytochrome P450-catalyzed reactions (23) . The binding of NO to enzymes has two phases. The first, a reversible state, is thought to be due to a binding of NO to the heme moiety of the enzyme and the second, an irreversible state, may possibly be caused by the oxidation of critical thiol-containing amino acids within the protein (23) . Thus, NO binding to the heme moiety and oxidation of cysteine residues may both be involved in an inhibitory effect of NO. This result may account for the discrepancy in our data investigating eNOS dimer maintenance and NOS activity. We could detect complete protection of the eNOS dimer in the presence of the thioredoxin͞thioredoxin reductase system but only partial restoration of enzyme activity. Alternatively, the inability of thioredoxin͞thioredoxin reductase to fully restore enzyme activity may reflect the incomplete reconstitution of zinc into the thiolate complex.
Our gel filtration data clearly indicate that the eNOS dimer is disrupted by NO, which is prevented in the presence of thioredoxin and thioredoxin reductase system. This finding indicates the involvement of cysteine residues and a mechanism whereby NO nitrosylates thiol residues, which, as a consequence, displaces BH 4 from the protein. This finding would result in dimer becoming increasingly unstable with a resultant loss of activity. Indeed, the spectral analysis of the NO treated eNOS had absorbance maxima at Ϸ320 nm, indicating the presence of nitrosothiol bond. This conclusion was also supported by the Saville assay in which a time-dependent increase in nitrosylation was observed. In addition, our studies indicated that DTT (5 mM) prevented dimer disruption induced by NO, but at low concentrations of DTT (up to 1 mM), did not prevent this effect. DTT is generally involved in rearrangement of disulfide bonds. It has been demonstrated to help in restoring pterin and substrate binding in E. coli-purified neuronal NOS oxygenase domain over prolonged incubation (24) . A cuvette containing only eNOS was used to autozero the spectrophotometer. After mixing well, absorbance spectra was recorded between 300 -600 nm. Shown is a representative recording from three independent experiments. Fig. 9 . Gel filtration analyses of purified wild-type and C99A mutant eNOS enzyme. Human eNOS (200 g) or the C99A mutant eNOS protein (200 g) was subjected to gel filtration analyses. Under identical purification conditions, the eNOS protein is a mixture of both monomers and dimers, but the C99A mutant protein is exclusively monomeric after a freeze-thaw cycle. Shown are representative gel filtration analyses from three independent experiments.
Our data also indicate that NO destroys zinc tetrathiolate cluster at the dimer interface with resultant zinc release. Recently, the crystal structure for the heme domain of eNOS and inducible NOS has been solved (25, 26) . The crystal structure of eNOS reveals a zinc ion is tetrahedrally coordinated to two pairs of symmetry-related cysteine residues (corresponding to cys94 and cys99 from each monomer), predicted to be at the dimer interface. Now, it is known that all NOS isoforms have tetrathiolate zinc and it confers SDS-resistance, at least in the case of neuronal NOS (27) . In proteins, tetrahedral zinc ions with thiolate ligands often stabilize protein structure and participate in catalysis. It has been reported that zinc binding results in net gain of eight hydrogen bonds, which could contribute favorably to the free energy of dimer stabilization, as decrease in negative charge contributes to increased protein stability (25) . In neuronal NOS, Reif et al. (28) reported the role of BH 4 as a stabilizing factor during catalysis and proposed that BH 4 may interfere with enzyme destabilizing products. It has also been suggested that the strong reducing conditions of the cytosol do not favor disulfide formation (29) . Thus, NOS may use zinc binding to amplify the conformational stability of the dimer interface. The crystal structure of zinc-free and bound eNOS points to the fact that the zinc is bound equidistant from both BH 4 and heme iron atom, highlighting the strategic location and important structural role, which includes maintaining the integrity of the pterinbinding pocket and providing docking surface for the reductase domain (25) . The replacement of zinc cysteine residues with other amino acids results in altered pterin or substrate binding (30) . Thus, zinc coordination is thought to be important for maintaining the integrity of the BH 4 -binding site and maintaining the dimeric structure of the enzyme. This conclusion is supported by our gel filtration data by using purified C99A mutant enzyme that lacks the ability to form a tetrathiolate cluster. The C99A mutant enzyme was predominantly monomeric (with some dimeric structure only observed in freshly prepared enzyme), indicating that the mutant enzyme lacking the tetrathiolate cluster is highly unstable. Taken together, these studies suggest that the C94 and C99 residues may contribute in maintaining eNOS dimer integrity and may be susceptible to oxidation through S-nitrosylation. Indeed, NO production has been correlated with zinc release from metalloproteins (31, 32) . In addition, Zou et al. (33) have presented evidence for zinc release from eNOS exposed to peroxynitrite, with resultant uncoupling to produce superoxide. We also observed zinc release after NO treatment to eNOS, as demonstrated in a PAR assay with a resultant monomerization. Therefore, we propose that the monomerization of eNOS requires the interplay of number of factors in a multistep process. First, the tetrathiolate may be oxidized, resulting in the formation of a disulfide bond between monomers with concomitant zinc release. This occurrence alters pterin binding, possibly causing its release from the dimer. This result then leads to intramolecular thiol nitrosylation, causing changes in structural conformation to an already unstable enzyme, leading to monomerization. NO itself is not a biologically relevant nitrosylating agent, instead, it is a precursor of higher oxides of nitrogen, including NO 2 and N 2 O 3 and peroxynitrites that actually mediate protein S-nitrosylation (34) . Although further site-directed mutagenesis and mass spectrometric studies will be required to determine whether the intramolecular cysteine residues, tetrathiolate cysteines, or both, undergo S-nitrosylation to induce dimer collapse.
In conclusion, this study implicates intrasubunit cysteine and the tetrathiolate cysteine residues in eNOS as being important for dimer maintenance and enzyme activity. The loss of the zinc due to the tetrathiolate cluster oxidation by NO at the dimeric interface may lead to altered pterin binding, making the enzyme unstable. This effect in combination with intrasubunit nitrosylation may lead to dimer collapse. Thus, we have identified an inhibitory action of NO involving the oxidation of cysteine residues by means of S-nitrosylation-induced collapse of the eNOS dimer, with a resultant loss of enzyme activity.
